IN ARTERIAL SMOOTH MUSCLE, activated cell surface receptors are coupled to G proteins, which, in turn, may activate phospholipase C to promote the hydrolysis of phosphatidylinositol bisphosphate to diacylglycerol and inositol 1,4,5-trisphosphate. The latter can serve as an agonist for inositol 1,4,5-trisphosphate-dependent Ca 2ϩ release from intracellular stores to augment intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ; Ca 2ϩ -dependent pathway). Furthermore, diacylglycerol and Ca 2ϩ activate protein kinase C (PKC), which can produce robust contractile responses not associated with an increase in [Ca 2ϩ ] i (Ca 2ϩ -independent pathway). Both Ca 2ϩ -dependent and -independent pathways produce a contractile response by regulating thinfilament (actin) and thick-filament (myosin) interaction. Concerning myosin, the most studied is a 20 kDa regulatory myosin light chain (MLC 20 ) filament pathway, the activity of which depends on the balance of activities of myosin light chain kinase (MLCK, which phosphorylates MLC 20 ) and myosin light chain phosphatase (MLCP, which dephosphorylates MLC 20 ) (18, 47) . MLCP and MLCK activities are regulated by a complex signal transduction cascade modulated by PKC, mitogenactivated protein kinase (MAPK), Rho kinase (ROCK) pathways, and so forth.
PKC represents a family of a dozen serine/threonine kinases involved in numerous cellular signaling pathways, including cell growth and differentiation, gene expression, and apoptosis. In a previous study (36) , we have reported that PKC activation induces robust contractile responses in ovine cerebral arteries, which are not associated with an increase in [Ca 2ϩ ] i , and these responses differ significantly as a function of maturation. Other reports also have demonstrated PKC-mediated Ca 2ϩ -independent vascular contractions (17, 30, 55, 57) , and PKC has been shown to modulate myogenic tone (13) . Several studies from our and other laboratories have also examined various Ca 2ϩ -sensitization pathways downstream from PKC, such as mitogen-activated kinases and ROCK-dependent pathways (20, 21, 36, 40, 55, 58) , which may modulate arterial contractility.
During the past decade, accumulating evidence from our and other laboratories has suggested that components of the MAPK cascade may be involved in vascular contraction via an altered sensitivity of the contractile machinery (7, 12, 15, 23, 56, 58) . Key components of this MAPK cascade are the extracellular signal-regulated kinases (ERK1 and ERK2; ERK1/2) subfamily, the activation of which is dependent on dual phosphorylation of both a tyrosine (Try 185 ) and a threonine (Thr 187 ) residue (2, 3) . Several studies have demonstrated that ERK1/2 phosphorylation and/or its upstream MAPK kinase (MEK) play a role in the contraction of numerous vessels, including rabbit femoral artery (43) , sheep uterine artery (56) , bovine carotid artery (8) , pig carotid artery (1, 22) , ferret aorta (7, 23) , rat aorta, mesenteric, and tail arteries (51) , as well as rat mesenteric artery smooth muscle cells (49) . In adult ovine cerebral arteries, we have reported that PKC activation by phorbol 12,13-dibutyrate (PDBu) increased phosphorylated (p)-ERK1/2 levels, a response blocked by 1,4-diamino-2,3-dicyano-1,4-bis [2-aminophenylthio] butadiene (U-0126). In turn, U-0126 significantly augmented PDBu-induced contractile force (60) . However, the role of MEK/ERK pathway and/or its interaction with PKC are not known with maturation and were examined in the present study.
When PKC is activated, along with the ERK1/2 pathway, RhoA, a monomeric G protein, binds to GTP and becomes activated. Active RhoA then modulates the Ca 2ϩ sensitization through its effectors serine/threonine kinase, commonly referred to as ROCK. ROCK modulates the sensitivity of vascular smooth muscle contraction to [Ca 2ϩ ] i by inhibiting MLCP activity, subsequently enhancing MLC 20 phosphorylation (6, 28, 47, 48, 53) . Another important PKC-activated pathway is the PKCpotentiated inhibitory protein of 17 kDa (CPI-17), which upon phosphorylation of Thr 38 is converted into a potent MLCP inhibitor (9, 10) , leading to arterial smooth muscle contraction (27) . CPI-17 expression is restricted in smooth muscle tissue and is present in several species (9, 53) . Moreover, CPI-17 expression pattern in smooth muscle tissues correlates with the extent of PKC-induced contraction, implying that CPI-17 is critical to PKC-mediated Ca 2ϩ sensitization (53) . In a previous report, we observed that in adult ovine cerebral arteries, PKC activation leads to an increased CPI-17 phosphorylation, resulting in a decreased MLCP activity and an increased Ca 2ϩ sensitivity (60) . However, the role of CPI-17 phosphorylation with vascular smooth muscle cell maturation is not known. We also examined caldesmon, which is exclusively present in fully differentiated adult smooth muscle (16) and is known to interact with PKC (50) .
Many aspects of these signaling pathways are unclear, and although there is evidence of cross talk among the pathways, much remains to be known regarding their interactions. Of importance, cerebral arteries also show significant differences in agonist-induced contraction with the development from fetal to adult life (32) (33) (34) (35) (36) ; however, little information is available regarding the effect of maturation on these pathways. Thus, in the present study, in fetal and adult sheep, we tested the hypothesis that PKC differentially regulates the Ca 2ϩ -independent pathways and their effects on cerebral arterial contractility with maturation.
METHODS
Experimental animals and tissues. All experimental procedures were performed within the regulations of the Animal Welfare Act, the National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and "The Guiding Principles in the Care and Use of Animals," approved by the Council of the American Physiological Society, and were approved by the Animal Care and Use Committee of Loma Linda University. For these studies, we used cerebral arteries from near-term fetal (ϳ140 days) and nonpregnant adult sheep (Յ2 yr) obtained from Nebeker Ranch (Lancaster, CA). The pregnant ewes were anesthetized with thiopental sodium (10 mg/kg iv), and anesthesia was maintained with an inhalation of 1% isoflurane in oxygen throughout surgery. After the fetus was delivered by hysterotomy, the fetuses and ewes were euthanized with an overdose of the proprietary euthanasia solution, Euthasol [pentobarbital sodium (100 mg/kg) and phenytoin sodium (10 mg/kg); Virbac, Fort Worth, TX]. Brains were removed from the nonpregnant adult and fetal sheep, following which we obtained the cerebral arteries for further analysis. Studies were performed in isolated vessels cleaned of adipose and connective tissue, and to avoid the complications of endothelial-mediated effects, we removed the endothelium by carefully inserting a small wire three times, as previously described (33, 35) . The vessels were used immediately for the experiments.
Simultaneous measurement of [Ca 2ϩ ]i and tension. We have described this technique in several reports (31) (32) (33) 36) . We cut the fetal or adult middle cerebral arteries into rings of 2 mm in length and incubated them at 25°C for 40 min with the acetoxymethyl ester of fura-2 (fura-2 AM; Molecular Probes, Eugene, OR), a fluorescent Ca 2ϩ indicator (31) (32) (33) . After loading the dye, we mounted the arterial segments on two tungsten wires (0.13 mm diameter; A-M Systems, Carlsborg, WA), attaching one wire to an isometric force transducer (Kent Scientific, Litchfield, CT) and the other to a post attached to a micrometer used to vary the resting tension in a 5-ml tissue bath mounted on a Jasco CAF-110 Intracellular Ca 2ϩ analyzer (Jasco, Easton, MD). We then stabilized cerebral artery rings at 38°C for 40 min in an oxygenated standard Krebs solution containing (in mM) 122 NaCl, 25.6 NaHCO3, 5.56 dextrose, 5.17 KCl, 2.49 MgSO4, 1.60 CaCl2, 0.114 ascorbic acid, and 0.027 disodium EDTA. The bath chambers were continuously bubbled with 95% O2-5% CO2, and all the experiments were conducted at 38°C (core temperature of sheep). After stabilization, based on our previous studies, the optimum resting tension was 0.6 g for fetal and 0.7 g for adult cerebral artery, since at these tensions the contractility response to 125 mM KCl was maximum (35, 40) . We then stimulated the isolated cerebral arterial rings from fetal and adult sheep with 125 mM KCl, and after the contractile force plateaued, 100 M acetylcholine was applied. This procedure is commonly performed and allows for the evaluation of the relative quantity of contractile smooth muscle (37) and to determine the status of endothelium disruption (14) . The contractile force due to 125 mM KCl was measured as gram tension (Fig. 1) , before stimulation of the test compound for each arterial segment, and was used to normalize the arterial contraction with other agonist and antagonist for variation in the smooth muscle mass (33) . The arteries that relaxed in the presence of acetylcholine were discarded from the study. Before treatment with PDBu (PKC agonist), with or without ERK antagonists (U-0126) or ROCK antagonist (Y-27632), we measured the KClinduced contraction (K max) and increase in [Ca 2ϩ ]i as a positive control. During all contractility experiments, we continuously digitized, normalized, and recorded contractile tensions and the fluorescence ratio of 340 to 380 nm using an online computer. In fetal and adult cerebral arteries, used to study PKC-ERK1/2-mediated contraction, we administered PDBu (3 ϫ 10 Ϫ6 M) to achieve near maximal response, a dose chosen based on our previous dose-response studies (36) . A second set of arteries were incubated in U-0126, a selective inhibitor of mitogen-activated kinases (MEK1 and MEK2) (11) at a concentration of 2 ϫ 10 Ϫ5 M (60) (Promega, Madison, WI) for 30 min and then treated with PDBu (3 ϫ 10 Ϫ6 M). Similarly to ERK, to study the involvement of PKC-ROCK1/2-mediated contraction in vessels of both age groups, we measured the PDBu-induced contraction and intracellular Ca 2ϩ change in the presence or absence of the Y-27632 (3 ϫ 10 Ϫ7 M) (19, 39) . Western immunoblot analysis. Fetal and adult sheep cerebral arteries were isolated, cleaned in Na ϩ -HEPES buffer (pH 7.5), and frozen rapidly in liquid nitrogen. Frozen samples were homogenized in the 1ϫ cell lysing buffer (Cell Signaling Technology, Beverly, MA) containing 1ϫ phosphatase and protease inhibitors cocktail (Sigma) and 1 mM phenylmethanesulfonyl fluoride. Nuclei and debris were pelleted by centrifugation at 1,000 g for 10 min. The supernatant was collected and stored at Ϫ80°C. SDS gel and Western blot analysis were performed by using p-ERK1/2 and total ERK1/2 antibody (Cell Signaling Technology) (58) . We used ␣-actin as an internal control for uniform protein loading, as we have reported (59) . For MEK1/2, CPI-17, and caldesmon, the methods for immunoblots were similar to those for ERK1/2, with appropriate antibodies. For MLC 20 immuno- blots, tissues were frozen in a freezing buffer [containing 5% trichloracetic acid, 10 mM dithiothreitol (DTT), 5 mM sodium fluoride (NaF), and 95% acetone] on dry ice. The tissues were then brought to room temperature in washing buffer (containing 10 mM DTT, 100% acetone, and 5 mM NaF) and washed three times. Proteins were extracted (0.04 g wet wt/ml) in extraction buffer containing 8.0 M urea, 20 mM Tris base, 23 mM glycine, 10 mM DTT, 10 mM EGTA, 10% glycerol, 0.05% bromphenol blue, and 5 mM NaF (pH 8.6) at room temperature for 2 h. Protein (6 g) from each sample was loaded on a SDS gel and electrophoresed at 100 V for 3 h. The proteins were transferred to a nitrocellulose membrane and subjected to immunoblotting with phosphospecific MLC20 antibody (Ser 19 , 1:1,000; Cell Signaling Technology). The same blots were stripped and blotted for total MLC20 (1:300, Sigma). The bands were detected with enhanced chemiluminescence using a ChemiImager (Alpha-Innotech, San Leandro, CA). MLC20 phosphorylation was calculated by dividing the integrated density values of the phosphorylated band with the total MLC20 band and then normalized to control. The results are expressed as a fraction of control.
Rho-GTP activity assay. We quantified RhoA activity by using Rhotekin-Rho binding domains beads pull-down assays kit (Cytoskeleton, Denver, CO) (5). Active Rho (Rho-GTP) binds with the Rho binding domain (RBD) fused to glutathione S-transferase bound to glutathione-coupled agarose beads, whereas inactive Rho (Rho-GDP) does not bind to RBD beads. We lysed treated cerebral arteries in lysis buffer containing 50 mM Tris ⅐ HCl (pH 7.5), 0.1 mM EDTA, 50 mM NaCl, 30 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, 1ϫ protease inhibitor cocktail, and 1ϫ phosphatase inhibitor cocktail (Sigma). The lysates were cleared of cellular debris by centrifugation at 3,000 g for 5 min at 4°C. The protein content in supernatants was measured using Bio-Rad Protein Assay Reagent (Bio-Rad, Hercules, CA). Cellular extract (30 g) was used to assess total RhoA, and the remaining extract was incubated for 4 h at 4°C with Rhotekin-RBD beads. The beads were pelleted at 4°C, washed four times with cell lysis buffer, and resuspended in 20 l of 2ϫ Laemmli buffer (Boston Bioproducts, Worcester, MA). The samples were then subjected to 12% SDS-PAGE and analyzed using RhoA antibody by Western immunoblot assay.
Statistics. We analyzed the data using unpaired, two-tailed Student's t-test and one-way ANOVA with Newman-Keuls post hoc test to determine significant differences between groups by the use of GraphPad Prism (GraphPad Software, San Diego, CA). The hypothesis was accepted at P Ͻ 0.05. For each study, n equaled 4 animals from which we obtained cerebral arteries. Figure 1A depicts 125 mM KCl-induced contractility response in the arteries isolated from fetus and adult sheep. We observed no significant difference in the contractile response to KCl. To understand better PKC-MEK/ERK interactions in agonist-induced contraction and the role of [Ca 2ϩ ] i in fetal and adult cerebral arteries, we examined PDBu-induced (3 ϫ 10 Ϫ6 M) tension and [Ca 2ϩ ] i in the absence or presence of the MEK inhibitor U-0126 (10 Ϫ5 M). As seen in Fig. 1B , in the adult cerebral arteries, PDBu-induced tension was significantly higher than that achieved in fetal cerebral arteries, being ϳ130% K max and ϳ100% of K max , respectively. As seen in Fig. 1, C and D , in the presence of MEK inhibition, PDBu-induced tension was 20 to 30% higher in both adult and fetal cerebral arteries, being ϳ166% K max and ϳ120% of K max , respectively (P Ͻ 0.05 for each age group). Importantly, there was no change in [Ca 2ϩ ] i in response to PDBu with or without U-0126 (data not shown).
RESULTS

PKC interacts differentially with MEK/ERK pathway in fetal and adult sheep cerebral arteries.
To explore further the role of PKC in modulating ERKinduced responses in cerebral arteries, we examined the time course of p-MEK and p-ERK1/2 levels following the addition of PDBu (3 ϫ 10 Ϫ6 M). As seen in Fig. 2A in fetal vessels, PDBu resulted in a significant increase in p-ERK1 (p44) and p-ERK2 (p42) by 2 and 5 min, with a further four-to fivefold increase above control, which peaked at ϳ10 min (ERK phosphorylation correlated well with PDBu-induced contractile response). Total ERK1/2 remained constant. In adult cerebral arteries, Fig. 2B illustrates the increase in p-ERK1 and p-ERK2 levels at 2 min, which remained elevated at 10 min, and total ERK1/2 remained constant during this time. Of interest, in the fetus, ERK2 phosphorylation was significantly higher than ERK1, whereas in the adult vessels, the amount of p-ERK2 greatly exceeded the amount of p-ERK1 (P Ͻ 0.05). Figure 2C shows that in fetal cerebral arteries, PDBu induced an increase in p-MEK1/2 at 5 min, which increased further by 10 min and remained elevated. In adult cerebral arteries in contrast (Fig. 2D) , PDBu stimulation was associated with small increases in p-MEK1/2 between 2 and 10 min, decreasing thereafter. Figure 2 , C and D, shows the densitometric analysis as above (n ϭ 4 for each age group).
To investigate further the extent to which PDBu-mediated phosphorylation of ERK1/2 is through the activation of upstream MEK, we examined these responses in the absence or presence of the MEK inhibitor U-0126. Figure 3A shows Western immunoblots of p-ERK1/2 levels in fetal and adult ovine cerebral arteries in response to PDBu (3 ϫ 10 Ϫ6 M) in the absence or presence of U-0126 (10 Ϫ5 M). As evident, in arteries of both age groups, U-0126 eliminated the PDBuinduced increases in both p-ERK1 and -2, whereas the total protein levels were unaffected. To rule out the possibility that the increase in the p-ERK1/2 levels occurred as a consequence of activation of other upstream kinases such as PKG and PKA, we conducted experiments in the presence and absence of the PKG inhibitor DT-3 (2.5 ϫ 10 Ϫ7 M), PKA inhibitor KT-5720 (10 Ϫ6 M), and PKC inhibitor GF-109203X (5 ϫ 10 Ϫ6 M; n ϭ 4). Figure 3B shows immunoblots of activated ERK1 (p44) and ERK2 (p42) after the addition of the PKG inhibitor DT-3 (2.5 ϫ 10 Ϫ7 M), the PKA inhibitor KT-5720 (10 Ϫ6 M), and the PKC inhibitor GF-109203X (5 ϫ 10 Ϫ6 M) in the presence of PDBu. The results clearly demonstrate that PKC inhibition markedly attenuated p-ERK1 and -2 levels; however, PKA and PKG inhibition did not alter these (n ϭ 4 each).
PKC interacts differentially with ROCK pathway in fetal and adult cerebral arteries. To examine the effect of PKC stimulation on the ROCK pathway, we measured PDBuinduced contractions in the presence and absence of the ROCK inhibitor (Y-27632, 3 ϫ 10 Ϫ7 M). As seen in Fig. 4A in fetal cerebral arteries in the presence of Y-27632, the PDBu (3 ϫ 10 Ϫ6 M)-induced maximum tension was reduced by ϳ50%. However, in adult cerebral arteries, ROCK inhibition by Y-27632 was without an effect on PDBuinduced tension (Fig. 4B) . In neither fetal nor adult cerebral arteries did [Ca 2ϩ ] i change significantly in response to Y-27632 (3 ϫ 10 Ϫ7 M) or PDBu stimulation (data not shown). Figure 4C summarizes the responses for fetal and adult cerebral artery tensions with or without Y-27632 (n ϭ 5 each). To confirm the observation that in fetal cerebral arteries RhoA/ROCKs are key effectors of PDBu-induced activation, we measured active RhoA (RhoA-GTP) in response to PDBu stimulation. Representative immunoblots of active RhoA with response to PDBu (3 ϫ 10 Ϫ6 M) are shown for both fetal (Fig. 4D) and adult (Fig. 4E) cerebral arteries. Strikingly, in the fetal arteries, PDBu increased phosphorylated RhoA significantly at 5 and 10 min; however, in adult vessels, active RhoA failed to increase. In both fetal and adult cerebral arteries, total RhoA levels appear to be of similar magnitude (n ϭ 4 each). 20 in fetal and adult cerebral arteries. To explore further the mechanisms by which PKC induces Ca 2ϩ -independent cerebral arterial contraction via thick filament (myosin) regulation, we measured the extent to which PDBu (3 ϫ 10 Ϫ6 M) increased MLC 20 phosphorylation. As seen in Fig. 5A , in the fetal cerebral arteries, Western immunoblot density of p-MLC 20 levels increased severalfold at 2 to 5 min and thereafter declined to near-control values. Similarly, in the adult cerebral arteries (Fig. 5B) , PDBu increased the phosphorylation of MLC 20 between 2 and 5 min, declining thereafter. Figure 5 , C and D, presents histograms of the time course in both fetal and adult cerebral arteries, respectively, of p-MLC 20 normalized to total MLC 20 for each respective lane (n ϭ 4 each).
PKC interacts differentially with MLC
To examine the mechanisms of MLC 20 activation as a consequence of PKC stimulation, we conducted the experiments in adult and fetal sheep cerebral arteries in the presence and absence of the MLCK inhibitor (ML-7). In fetal cerebral arteries, Fig. 6A depicts the increase in the p-MLC 20 level in response to PDBu at 5 min, with a blunted response in the presence of ML-7 (10 Ϫ5 M). In contrast, in adult cerebral arteries, ML-7 failed to inhibit MLC 20 phosphorylation (Fig.  6A) . Furthermore, in a ML-7 dose-dependent study in fetal arteries, we found no significant decrease in the active MLC 20 at doses of 10 Ϫ8 M to 10 Ϫ6 M of ML-7, whereas a complete blockage of p-MLC 20 occurred at 10 Ϫ5 M (Fig. 6 , B and C). We also used these membranes to estimate the p-ERK1/2 level in an effort to identify any specific/nonspecific upstream kinase inhibition by ML-7. Surprisingly, we observed a significant decrease in p-ERK level at 10 Ϫ5 M ML-7 concentration (Fig.  6B) (n ϭ 4 each) .
PKC interacts differentially with CPI-17 and caldesmon in fetal and adult sheep cerebral arteries. To explore further the downstream PKC activation pathway(s), we examined the effect of PDBu on two cytosolic proteins, CPI-17 and caldesmon, which are known to be involved in smooth muscle contraction (54, 60) . As shown in Fig. 7, A and B, fetal cerebral arteries have very low levels of both caldesmon and total CPI-17 compared with adult arteries. Importantly, in adult cerebral arteries, PDBu increased the phosphorylation levels of both caldesmon ser789 and CPI Thr38 (Fig. 7 , C and D) (n ϭ 4 each). This increase did not occur in fetal vessels, however (data not shown).
DISCUSSION
In the present study of ovine cerebral arteries, we have demonstrated the following. First, in the adult, PKC activation produces significantly higher contractility compared with that of the fetus. Second, MEK inhibition significantly augmented the PKC-mediated contractile force in both fetal and adult vessels, suggesting a negative feedback by ERK1/2 on PKC activation. Third, in both fetus and adult, PKC stimulation resulted in an increased phosphorylation of both MEK and ERK1/2. In the fetal arteries, ERK2 was more phosphorylated than ERK1, whereas the reverse was the case in the adult. Fourth, in both age groups, MEK inhibition blocked the PKCmediated phosphorylation of ERK1/2. Fifth, in the fetus but not in the adult, the RhoA/ROCK pathway plays a key role in PKC-mediated contractility. Sixth, also, in arteries of the fetus but not in the adult, MLCK inhibition by ML-7 inhibited MLC 20 phosphorylation. Finally, in the adult but not in the fetus, CPI-17 and caldesmon phosphorylation were demonstrated to be important regulatory pathways.
In the developing fetus as in the adult, hypoxia is associated with a significant increase in cerebral blood flow, and this response is acquired early in life (90 -103-day-old fetal lamb) (24) . However, in previous in vivo studies, we have demonstrated that despite the acclimatization to high altitude-induced long-term hypoxia during fetal life, flow compensations in response to acute hypoxia are not adequate to sustain oxygen delivery for the cerebral metabolic rate (4, 26, 41) . Consequently, the fetal brain is more vulnerable (as compared with adults) to cerebral hypoxia/ischemia. The present study demonstrated no difference in KCl responses, suggesting that the depolarization-mediated contractile apparatus is functionally similar to the adult. Thus it would appear that the differences in the Ca 2ϩ sensitization arm (PKC, ERKs, and ROCK) may be responsible for the increased vulnerability of fetal cerebral circulation. During the past two decades, we and others have demonstrated that the kinases, such as PKC (21, 36, 42, 60) , ERKs (55, 58, 60) , and ROCK (20) , each plays important roles in modulating Ca 2ϩ -independent contraction. Nonetheless, the role of MEK/ERK1/2 and RhoA/ROCK pathways in modulating PKC-induced contraction in cerebral arteries with maturation remains poorly understood. In the present study, we have demonstrated several important aspects of these interactions. For instance, PDBu-mediated PKC activation produces significantly higher contraction in the adult cerebral arteries compared with fetal arteries (Fig. 1) . This may be due to more proliferative than contractile smooth muscle phenotypes in fetal cerebral smooth muscle cells compared with those in the adult. Our data also indicate that in both age groups, the PDBu-mediated response commenced at 2 to 5 min and peaked at ϳ10 min. This agrees with the similar time course of MLC 20 phosphorylation as a result of PDBu-mediated stimulation (Fig. 5) . Thus it is evident that the thick filament (myosin) plays an important role in PKC-mediated Ca 2ϩ -independent contractility.
To study the mechanism(s) of PKC-induced MLC 20 phosphorylation, in a previous study in adult cerebral arteries we observed a significant increase in PDBu-mediated contraction in the presence of ERK inhibition (60) . Similar results were observed in the sheep uterine artery (56) . In the present study, in both fetal and adult cerebral arteries, ERK inhibition increased the PKC-mediated contractile force starting at 2 to 5 min, supporting the idea of the negative feedback of PKC by ERK, and this is consistent with our previous studies (56, 60) . Also in a previous study, we demonstrated that ERK1/2 activity inhibition abolished any increase in [Ca 2ϩ ] i , whereas only slightly decreasing the phenylephrine-induced tension (58) . This response pattern (change in tension with no change in [Ca 2ϩ ] i ) was similar to that which we have demonstrated following the PKC stimulation by PDBu (36) and emphasizes the importance of the PKC Ca 2ϩ -independent pathway. We also demonstrated that PKC inhibition by staurosporine relieved the U-0126-mediated suppression of [Ca 2ϩ ] i increase in response to norepinephrine (58) . Together, these findings suggest that ERK1/2 negatively regulate PKC-mediated contractility and that PKC activation leads to the phosphorylation of ERK1/2, which limits the phosphorylation of MLC 20 by the sensitization of MLCP or MLCK. In the present study, in adult vessels, however, MLCK inhibition failed to inhibit PDBuinduced MLC 20 phosphorylation. This suggests that ERK1/2 activation decreases the [Ca 2ϩ ] i sensitization through MLCP or through some other PKC-related mechanism, but not by MLCK. We speculate that, following ERK activation, the inhibition of PKC-induced tonic and sustained contraction occurs as a protective mechanism against an intense cerebral artery vasospasm. Consistent with this speculation, ERK has been shown to play an important role in pathological conditions such as cerebral vasospasm and brain ischemic injury (29) .
In the present study, we also observed that in fetal cerebral artery, the response to PDBu-mediated PKC stimulation was associated with significantly higher activation of ERK2 compared with ERK1. In adult cerebral arteries, the reverse was the case. At present, with limited understanding of the role of specific ERK isoforms, a straightforward rationale for such a major change in the signaling pathway with maturation is unclear. Further study with the specific inhibition of ERK1 or ERK2 by small interfering RNA or specific inhibitory peptides is required.
In addition to the MEK/ERK1/2 pathway, the inhibitory signal for Ca 2ϩ sensitization is communicated by RhoA to a Rho kinase that phosphorylates the myosin 110 -130 regulatory subunit and inhibits the catalytic activity of MLCP, resulting in an increased MLC 20 phosphorylation, contraction, and cell motility (48) . In the present study, our data suggest that whereas in the fetus RhoA/ROCK activation plays an important role in cerebral arterial contractility, this is not the case for the adult. Also, in response to PDBu, in fetal cerebral arteries, active RhoA increased significantly at 5 and 10 min (Fig. 4D ), but this was not manifest in the adult (Fig. 4E) .
Furthermore, our results demonstrate that ROCK inhibition with its specific inhibitor Y-27632 caused a decrease in PDBuinduced contractility in fetal, but not in adult, cerebral arteries (Fig. 4) . In fetal arteries, the increased active RhoA levels commenced at 5 min (Fig. 4) at about the same time as PDBu-mediated contractility (Fig. 1B) . We speculate that during fetal life, PKC activation, in turn, activates the RhoA/ ROCK pathway to regulate further the cerebral circulation. Of note, in a manner similar to ERK, ROCK has been shown to play an important role in pathological conditions such as cerebral vasospasm and brain ischemic injury (45, 46) . ROCK inhibition also has been suggested to play a neuroprotective effect on ischemic brain damage (44) . The present findings reinforce the idea that whereas RhoA/ROCK plays a key role in the regulation of cerebral cerebrovascular tone in the fetus, such is not the case for the adult (Fig. 4) . We speculate that PDBu-stimulated RhoA/ROCK in fetal, compared with adult, cerebral arteries could be an important therapeutic target in ischemic injury in preterm birth.
In both fetal and adult cerebral arteries, PDBu increased MLC 20 phosphorylation (Figs. 5 and 6) without changes in [Ca 2ϩ ] i . In adult cerebral arteries, PDBu-induced MLC 20 phosphorylation was not blocked by the MLCK inhibitor ML-7 (10 Ϫ5 M; Fig. 6A ). This suggests that PKC phosphorylation modulates MLC 20 activation through MLCP rather than MLCK. Surprisingly, in fetal cerebral arteries, ML-7 at a very high dose (10 Ϫ5 M) inhibited PKC-induced MLC 20 phosphorylation; however, we also noticed at this very high dose that ML-7 inhibited ERK1/2 phosphorylation (Fig. 6) . It is possible that at this high dose, ML-7 also inhibits other pathways and kinases, which may be responsible for reduced MLC 20 phosphorylation, rather than a direct inhibitory effect on MLCK. In the present study, PDBu demonstrated essentially no effect on CPI-17 phosphorylation in fetal cerebral arteries, whereas it significantly increased CPI-17 phosphorylation in the adult (Fig. 7B) , even in the presence of U-0126 compound (data not shown). In adult arteries, CPI-17 appears to increase Ca 2ϩ sensitivity by inhibiting MLCP, thus increasing MLC 20 phosphorylation (47) . In addition, in fetal but not in adult vessels, PDBu-induced contraction was decreased significantly by the ROCK inhibitor Y-27632 (Fig. 4) . This suggests that in the adult cerebral arteries, PKC may act directly to phosphorylate CPI-17 in the absence of the activation of RhoA/ROCK.
As noted above, in addition to its influence on ERK activation (15) , PKC has been demonstrated to phosphorylate the thin filament-associated protein caldesmon (25, 38, 52, 55) . PKC-mediated phosphorylation of caldesmon also significantly decreases its ability to inhibit actin-myosin ATPase (50) . Similar to CPI-17, in contrast to the adult in which PDBu increased caldesmon Ser789 phosphorylation, in fetal cerebral arteries PDBu stimulation failed to demonstrate any such increase in caldesmon Ser789 phosphorylation (Fig. 7C) . Our results are consistent with a previous report that caldesmon is exclusively active in adults (16) . Although the major site of ERK-dependent phosphorylation in caldesmon is at Ser 789 , PKC may phosphorylate other sites. In the present study, we have demonstrated that PKC activation by PDBu phosphorylates both ERK and caldesmon Ser789 . In a previous report we have shown that U-0126 inhibition of ERK phosphorylation blocked caldesmon Ser789 phosphorylation and yet increased PDBu-induced contraction (60) . This suggests that caldesmon Ser789 phosphorylation was not directly involved in releasing the inhibitory effect on actin-myosin ATPase. In fact, the ERK-specific phosphorylation of caldesmon Ser789 may inhibit other PKC-mediated phosphorylation sites on caldesmon, a finding agreeing with that in uterine arteries of pregnant sheep (56) .
Perspective. Figure 8 illustrates some key components of the PKC-mediated pathways in the two age groups. Overall, we accept the hypothesis that the signal transduction pathways differ significantly in fetal and adult cerebral arteries. A challenge for the future will be to clarify the role and importance of specific PKC, ERK1/2, and ROCK1/2 isoforms and their interactions. From a clinical perspective, the vulnerability of the immature cerebral vessels in the fetus/newborn with attendant dysregulation of cerebral blood flow may, in part, be a function of poor development of the Ca 2ϩ -dependent and Ca 2ϩ -sensitive arms of the agonist-induced signal transduction cascade. An important observation of the present study in fetal vessels was the greater activation of ERK2 and the involvement of RhoA/ROCK pathway, with the lack of participation by CPI-17 or caldesmon. From a therapeutic point of view, these specific pathways may be appropriate to correct the dysregulation of cerebral blood flow in the fetus and the premature infant and hopefully their profound neurological sequelae.
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